ABSTRACT: The addition of Na-rich anthropogenic residues to tropical soils has stimulated the scientific community to study the role of sodium in both the soil solution and the exchange complex. In this study, several different methods were used to calculate the concentration of exchangeable and soluble cations and this data was then used to establish correlations between the level of these cations and both the accumulation of various elements and the dry weight of maize grown in a greenhouse under different conditions. In the closed environments of the pots, the most suitable method for calculating the effective cation exchange capacity (ECEC) was the cation exchange capacity calculated by cations removed with barium chloride solution (CEC S ). Then again, the actual cation exchange capacity (CEC A ) should be measured by using Mg adsorption to prevent ionic force from influencing electric charges. A strong positive correlation was obtained between the concentrations of Na in the 1:2 soil:water extracts and the accumulation of Na in the maize plants, indicating saline or double acid extractors are not needed when monitoring the Na concentration only. Key words: exchangeable cations, soil solution, soil with variable charge, treated sewage effluent, maize
INTRODUCTION
Stabilization ponds have been extensively used for the treatment of sewage, especially in small and medium sized cities (Feigin et al., 1991) . One of the by-products this sewage treatment system is the treated sewage effluent (TSE) -a liquid usually discarded into water-courses, causing environmental problems such as eutrophication, or used to irrigate soil-plant systems. When TSE is added to soil, elements are also added and can alter the effective cation exchange capacity (CEC).
The CEC of a soil can be obtained by various methods. The actual CEC (CEC A ) is the quantity of Mg absorbed by a soil at its native pH (Gillman, 1979) . CEC may also be calculated by sum of Al, Ca, Mg, K, and Na, exchanged by Ba (Gillman, 1979 ) -CEC S . The effective cation exchange capacity (ECEC) is indirectly measured, since different extractors are used, such as potassium chloride (for Al), Mehlich-1 solution (Na), and ion-exchange resin (Ca, Mg, and K) . In closed environments, these methods do not always generate the same CEC, because the increased ionic force of the soil solution can also increase CEC (Gillman, 1981) . CEC calculated for potted soil samples by summing values of exchangeable cations and potential acidity might be also overestimated, because no leaching occurs in the potted soil samples, not all the exchangeable cations may be adsorbed in the soil exchange sites, and part of the cations might be bound to some anions present in the soil solution. When these cations are conventionally extracted (by extracting solution), they are often overestimated (Fonseca et al., 2005b) .
Methods for measuring CEC were correlated and both the accumulation of Ca, Mg, K and Na by maize and maize dry weight were evaluated. It was assumed that (i) the addition of rich-Na effluent increases ionic strength and leads to a mistaken CEC value, mainly in pot experiment; and (ii) weakly adsorbed cations (Na + e K + ) can be extracted by aqueous extracts.
MATERIAL AND METHODS
The experiment was conducted in a greenhouse. Experimental units consisted of 12.5-L plastic pot containing 10 kg of a medium textured Typic Haplustox soil, collected from the 0-20 cm soil layer in a fallow area in Lins (22º21' S, 49º50' W) state of São Paulo, Brazil. An Oxisol, the most representative soil class in humid tropical environments was used. Brazilian surface is essentially lateritic, and close to 60% of the soils are Oxisols (Chauvel et al., 1983) . Before being placed in the pots the soil was air dried, sieved (4-mm screen), and supplemented with the equivalent of 0.94 t ha -1 of dolomitic lime (30.8% CaO; 19.8% MgO) to bring base saturation up to 65%, the quantity of lime added to each pot being adjusted to take into account soil density (1.37 kg m -3 ), determined using the test tube method (Embrapa, 1997) . After liming, the soil samples were thoroughly mixed, placed in pots and maintained for 21 days at circa 70% of the soil water retention capacity as determined using the soil moisture saturation technique (Embrapa, 1997) . Following incubation, the soil was removed from the pots, air-dried, fertilized and re-potted.
Before seeding, the soil was analyzed physically and chemically; analyses showing the following: pH = 5.2; base saturation = 59%; 780 g kg -1 of sand; 60 g kg -1 of silt; 160 g kg -1 of clay; CEC at pH 7.0 = 53.2 mmol c kg -1 ; cations (mmol c kg -1 ) Ca = 19.2, Mg = 9.6, K = 2.1, Na = 0.4 and Al = 0.0; other elements (mg kg -1 ) Fe = 100.0, S = 28.8, P = 4.1, Mn = 1.1, B = 0.5, Cu = 0.5 and Zn = 0.4. The pipette method of Kilmer & Alexander (1949) was used for particle-size analysis. Fractions <2 mm were separated into sand (2-0.05 mm), silt (0.05-0.002 mm), and clay (<0.002 mm). The soil pH was determined in 0.01 mol L -1 CaCl 2 solution, using a 1:2.5 (v:v) soil:solution ratio suspension. Exchangeable-Al and H+Al concentrations were determined in soil extracts obtained with a 1 mol L -1 KCl solution and a 0.5 mol L -1 calcium acetate-pH 7.0 solution, respectively. The concentrations were determined by titration using a standard 0.025 mol L -1 NaOH solution. Exchangeable-Na concentrations were determined in soil extracts obtained with Mehlich-1 solution, following readings by flame emission photometry (FEP) procedure. Exchangeable Ca, Mg and K, and available P were determined in soil extracts obtained with the ion exchange resin procedure described by Raij et al. (1986) , following readings by atomic absorption spectrophotometry (AAS) for Ca and Mg, and FEP for K, and molecular absorption spectrophotometry for P. Available S was extracted using a 0.01 mol L -1 phosphate monocalcium solution and S was determined by turbidimetry according to Fox et al. (1987) . Available B was extracted with a 0.006 mol L -1 barium chloride solution heated in a microwave oven and determined by the Azomethin-H method, according to Abreu et al. (1994) . The available concentrations of Cu, Fe, Mn and Zn were determined according to Lindsay & Norvell (1978) , following reading by inductively coupled plasma optical emission spectrometry (ICP-OES). Based on these analytical determinations, the following variables were calculated: CEC at pH 7.0 (
). The secondary-treated sewage effluent (STSE; hereafter 'effluent') used in our experiments was collected from the stabilization ponds at the Lins wastewater treatment plant and analyzed according to standard procedures (APHA, 1992) and showed the following characteristics: pH = 7.7; electrical conductivity (EC) = 0.84 dS m -1 ; alkalinity (as CaCO 3 ) = 358 mg L -1 ; sodium adsorption ratio (SAR) = 15.8 (mmol L -1 ) 0.5 ; principal elements (mg L -1 , in order of magnitude), Na (134), K (10.9), S (10.2), P (8.4), Ca (8.1), Mg (1.5) and B (0.15); trace elements (µg L -1 ), Fe (143.5), Zn (4.5), Mn (35.5), Pb (3.4), Cr (2.0), Cu (1.7), Ni (1.0) and Cd (0.05). Analytical methods used were: (i) pH by potenciometry; (ii) electric conductivity by conductivimetry; (iii) alkalinity (like CaCO 3 ) by titration using a standard 0.025 mol L -1 sulfuric acid solution; (iv) S-SO 4 2-and P-H 2 PO 4 2-by liquid chromatography; (v) Na, K, Ca, Mg, B, Fe, Zn, Mn, Pb, Cr, Cu, Ni and Cd by ICP-OES. Based on these analytical determinations SAR was calculated: SAR=(Na/ Ca + Mg where Na, Ca and Mg were given in mmol L -1 . The collected effluent was stored at 0ºC, effluent for irrigation being equilibrated to room temperature (27.5 ± 7.8ºC) 30 min before use. Additional details are described in Fonseca et al. (2005a) .
A randomized complete block experimental design was used, with five treatments (n = 5): T1 = irrigation with deionized water and mineral fertilization without nitrogen; T2 = irrigation with deionized water and complete mineral fertilization including nitrogen; T3 = irrigation with effluent only with no addition of mineral fertilizer; T4 = irrigation with effluent and mineral fertilization without nitrogen; T5 = irrigation with effluent and complete mineral fertilization including nitrogen. Effluent treatments were chosen because it is necessary to know the effects of irrigation with Na-rich wastewater in tropical soils, particularly because of the small CEC of those soils. Gillman (1981) stated that the addiction of nitrogen fertilizer to cause increase of ionic strength and, consequently affects CEC. In addition, inclusion of treatments with and without N was necessary because this nutrient affects greatly the nutrients' uptake and dry matter yield. The concentration of elements remaining in potted soil was distinct. More information can be seen in Fonseca et al. (2005a; 2005b) . In all cases, mineral fertilization was done with 300 mg kg -1 of N (as urea -45% N), 200 mg kg -1 of P (as simple-superphosphate -18% P 2 O 5 ), 150 mg kg -1 of K (as potassium chloride -60% K 2 O), 0.5 g kg -1 B (as boric acid -17% B), 1.5 mg kg -1 Cu (as cupric sulfate pentahydrate -25% Cu), 5.0 mg kg -1 Fe (as iron-EDTA -5000 mg kg -1 ), 3.0 mg kg -1 Mn (as manganese chloride tetrahydrate -28% Mn), 0.1 mg kg -1 Mo (as molybdic acid -48% Mo), and 5.0 mg kg -1 Zn (as zinc sulfate heptahydrate -22% Zn).
In March, 2001, each pot was sown with 12 seeds of the Zea mays L. single hybrid 'Avant'; five days after sowing the weakest seedlings were removed and four seedlings were left per pot. Micronutrients, P and S were applied to the treatments irrigated with deionized water once at sowing; for those treatments involving irrigation with effluent, 1/3 of the N and K was added to the effluent at sowing and the remainder at 20 and 40 days after emergence of the seedlings. Plants were irrigated during the experiment to replace water losses by evapotranspiration and to keep the soil at 70% moisture capacity. The average total volume (L per pot) of irrigation solution (deionized water for T1 and T2, effluent for the rest) applied to each pot was 29.6 for T1, 40.0 for T2, 19.6 for T3, 34.9 for T4, and 42.0 for T5. These volumes were applied from seeding/emergence of the seedlings at day 5 until the maize shoots were harvested at the V4 stage (male inflorescence) 58 days after emergence.
After 58 days, maize plants were cut 1 cm above the soil; the soil was then removed from the pots, air-dried and crushed to pass a 2-mm screen, and analyzed to determine the concentration of soluble (in aqueous extracts) and exchangeable Al, Ca, Mg, K and Na. Aqueous extracts of soils were prepared using soil:water ratios of 1:2 and 1:5 (m/v) according to the method of Rhoades (1996) , ICP-OES being used to measure Al, Ca, Mg and K and FEP to measure Na. The ECEC was either measured or calculated using the methods described ahead.
Method 1 estimated the ECEC by the regional standard method (RSM), in which exchangeable Al is extracted with 1 mol L -1 KCl solution and the Al content determined by titration using 0.025 mol L -1 NaOH solution. Exchangeable Na is then extracted with the doubleacid Mehlich-1 solution and the Na content determined by FEP. In this method, exchangeable Ca, Mg, and K, are extracted using an ion-exchange resin according to the method of Raij et al. (1986) . The regional standard method includes the most widespread methods in São Paulo State (Brazil) to test exchangeable Al, Ca, Mg, K, and Na, and the combined ECEC is calculated as the sum of the cations (Al, Ca, Mg, K, and Na).
Method 2 estimated the ECEC using the CEC obtained by sum of the compulsive exchange of Al, Ca, Mg, K, and Na, for Ba (Gillman, 1979) . In this method, exchangeable cations are removed with 0.1 mol L -1 BaCl 2 solution by centrifugation for two hours and the concentration of the ions determined by ICP-OES. The ECEC value being equal to the sum of cations and hence represents the CEC S .
Method 3 measured the ECEC using the technique described by Gillman (1979) , in which exchangeable cations are removed with 0.1 mol L -1 aqueous BaCl 2 (q.v. Method 2) and the soil washed three times with 0.002 mol L -1 aqueous BaCl 2 solution, the CEC being measured at soil pH by the adsorption of Mg from a 0.005 mol L -1 solution of MgSO 4 with the EC adjusted to 0.300 dS m -1 by the addition of deionized water. The concentration of Mg in the supernatant solution is determined by AAS and the CEC calculated, and hence represents the actual CEC (CEC A ).
The harvested V4-stage maize plants were separated into leaves and culms, rinsed in deionized water, dried to constant mass in a forced-air oven (60ºC) and weighed before being separately ground in a Wiley mill to pass a 0.75 mm screen, and stored in small-capped plastic vials. Chemical analysis of the ground tissue was performed according to the methods described by Malavolta et al. (1997) in which the tissue was subjected to mixed nitric/perchloric acid digestion, Ca and Mg being determined by AAS and K and Na by FEP. The total content of Ca, Mg, K and Na was expressed as a function of the dry matter yield of the maize leaves and culms.
The statistical analyses were done by using the SAS software Version 8.02 (SAS System, 1999) . Data submitted to analyses of variance were: (i) exchangeable Al, Ca, Mg, K, and Na obtained by regional standard methods and compulsive exchange method; (ii) ECEC calculated using the RSM and the compulsive exchange method, and CEC A ; (iii) accumulation of Ca, Mg, K, and Na in maize plants (leaves + culms). A randomized complete blocks model with five treatments (T1, T2, T3, T4 and T5) and five replications (e.g., five blocks) was used. Treatments means were compared by Tukey test (α = 0.05). Simple linear correlations (Pearson correla-tion) at minimal 5% were obtained for the methods 1, 2 and 3, and for the aqueous extract results versus the dry matter yield and Ca, Mg, K and Na accumulation in maize.
RESULTS AND DISCUSSION
The total dry matter yield (g per pot) of maize plants for the different treatments were 55.2 for T1, 128.7 for T2, 23.1 for T3, 90.0 for T4, and 142.6 for T5. Plants irrigated with effluent only (T3) showed the lowest accumulation of elements (Figure 1 ), because they received no added mineral fertilizer. When complete mineral fertilizer (including nitrogen) was present, irrigation with effluent (T5) resulted in less Ca and more K and Na being accumulated in the maize plants than when deionized water was used for irrigation (T2), but omission of nitrogen from the fertilizer irrigation with effluent (T4) resulted in higher accumulation of Mg, K and Na in the maize than when irrigation was done was with deionized water (T1) (Figure 1 ). Because the effluent was rich in Na, there was a greater accumulation of this element in plants irrigated with effluent (T3, T4 and T5) than in plants irrigated with deionized water (T1 and T2). In all treatments K accumulated more than Ca, Mg and Na (Figure 1) ; this agrees with the results found in other published studies which report that maize absorbs much more K as compared to other cationic elements (Fageria et al., 1997) .
Independent of the extraction method used, higher concentrations of exchangeable Al were found in the soil in which the pH was lower (T1 and T2, where pH was 4.8 and 4.5, respectively) than in the other treatments (T3, T4 and T5, where pH was 5.2, 5.4 and 5.0, respectively). It is known that a decrease of one pH unit results in a 42-fold increase in Al 3+ activity while this increase is 1000-fold if Al 3+ is in equilibrium with amorphous Al(OH) 3 or with Al oxides and hydroxides (Lindsay, 1979) . The large variation in aluminum activity caused by small fluctuations in the order of ± 0.1 pH units may explain the large coefficient of variation (CV) shown in Table 1 . Although the effects of the treatments on the concentrations of exchangeable Al obtained by solution with KCl in the RSM and BaCl 2 in the compulsive exchange method were the same, KCl extracted more Al in most cases (Table 1) . It is known that in some soils, KCl extracts more Al than does BaCl 2 because the Al occupying exchange sites is not always entirely removed with BaCl 2 (Gillman & Sumpter, 1986) .
With the exception of K, all other exchangeable cations presented lower CV values when the compulsive exchange method was used (Table 1) , which may have been due to the greater substitution force of Ba in compulsive exchange (Curtin et al., 1987) , which resulted in more precise results. Independent of the method of extraction, lower concentrations of exchangeable Ca were observed for the T3 group (Table 1) , probably because this group received no mineral fertilizer, especially simple superphosphate containing Ca, P and S. Larger differences between the treatments were obtained when the compulsive exchange method was used, although there was no correlation with Ca accumulation in the maize plants (Table 2) . Although the compulsive exchange method is generally considered to be the most precise technique, better correlations were observed between dry matter yield and Ca content of the plants with the quantity of Ca extracted from the soils by cation exchange resin (RSM, Table 2 ). This results from the way cation exchange resin works by gradually extracting elements in solution during the extraction process, thus simulating the way in which the roots of plants act (Raij et al., 1986) .
Both RSM and compulsive exchange methods indicated that there were higher concentrations of exchangeable Mg in the T3 group, which received no mineral fertilizer (Table 1) , and that the plants in this group grew less and produced less dry matter yield and showed a lower accumulation of cations (Figure 1) . The lower accumulation of Mg in the plants implies that more remained in the soil, thus explaining the negative correlation coefficients between the concentration of exchangeable Mg and the accumulation this cation and dry matter yield (Table 2 ). Nearly all of the applied K was absorbed and accumulated in the aerial part of the maize (Figure 1 ). Because the soil used in the experiments had low CEC, trials were conducted in closed systems and used a highlysoluble K source (KCl) (Lindsay, 1979) . Then, it left little potassium in the soil, a fact which contributed to the high CV values shown in Table 1 .
The compulsive exchange method extracted more Na than the SRM, even though the effects observed for the different treatments were similar for both methods (Table 1) . Irrigation with the Na-rich effluent (T3, T4 and T5) resulted in a increasing exchangeable Na (Table 1) in the soils and the accumulation of this element in the plant tissue (Figure 1 ). Both RSM and compulsive exchange method were sensitive to variation in exchangeable Na, and so these methods correlated well with the accumulation of Na in the maize tissue (Table 2) . Because it is a bivalent ion, Ba can extract large amounts of Na. Table 1 -Effects of irrigation with deionized water or effluent and mineral fertilization on exchangeable cation concentrations and the effective cation exchange capacity (ECEC) as calculated using the regional standard method and the compulsive exchange method compared with the actual cation exchange capacity (CEC A ).
*Calculated ECEC value = sum of cations (Al, Ca, Mg, K and Na). **Measured ECEC value = CEC A . Key: T1 = irrigation with deionized water and mineral fertilization without nitrogen; T2 = irrigation with deionized water and complete mineral fertilizer with nitrogen; T3 = irrigation with effluent only without addition of mineral fertilizer; T4 = irrigation with effluent and mineral fertilizer without nitrogen; T5 = irrigation with effluent and complete mineral fertilizer with nitrogen. For each method, values in the same column with the same subscript do not differ by the Tukey test at (α = 0.05). CV = coefficient of variation. Table 2 -Correlation coefficients for soil exchangeable and soluble cations with maize dry matter yield and the accumulation of Ca, Mg, K and Na (mg per pot) in maize plants.
NS
Not significant. * (P < 0.05). ** (P < 0.01). et al. (1990) studied cation exchange methods and found that Ba extracted more Na when this last element occurred in concentrations smaller than 2.0 mmol c kg -1 . This study supports these findings because compared with Mehlich-1 solution, Ba extracted more Na from the groups (T1 and T2) which had the lowest levels of exchangeable Na, while in the groups with high levels of Na (T3, T4 and T5), Mehlich-1 solution and BaCl 2 extracted almost the same amounts of Na (Table 1) .
A positive correlation (r > 0.70) occurred between Ca, Mg, K and Na levels extracted by the RSM and the compulsive exchange method (Table 3) , whereas a low correlation (r < 0.70) was observed between such levels and the levels of these elements obtained by aqueous extracts of soils with a soil:water ratio of 1:2 and 1:5 (Table  3) . When aqueous extracts are made, errors introduced by pipeting, hydrolysis, cation exchange, and dissolution can be high (Sonneveld et al., 1990; Rhoades, 1996) because such extracts are obtained using fine air-dried soil, and it is also known that drying and re-humidification of soils affect the quality of the soil solution because such processes influence the chemical and biological processes which occur in soils (Wolt, 1994) . The time needed for total Ca, Mg and K to reach equilibrium in re-hydrated soils is also different and there is an increase in proton donation from highly polarized water molecules associated with the surface of air-dried clays which in dry soils contributes to increased acidity of such surfaces and raised levels of water-soluble organic acids. Such alterations in soil acidity, associated with desiccation and the oxidation of organic material, can alter the available pools of anions and cations by liberating them from soil microflora thus altering not only ion exchange capacity but also affecting reduction reactions (Wolt, 1994) .
In this work, soluble Na in the 1:2 and 1:5 soil:water extracts correlated well with both Na accumulation in maize tissue and the quantity of Na extracted by BaCl 2 solution (compulsive exchange method) and Mehlich-1 solution (SRM) ( Table 2 ). Therefore, it seems that when it is necessary to monitor only Na in highlyweathered soils, values obtained by aqueous extraction using a 1:2 or 1:5 soil:water ratios are as reliable as those obtained using Mehlich-1 solution. Aqueous extraction using a soil:water ratio of 1:2, instead of a saturated paste, to investigate the chemical characteristics of soil solutions has been used successfully in Holland (Sonneveld et al., 1990) . Although the concentration of soluble K in the 1:2 soil:water extract correlated with resin-extracted exchangeable K (RSM, Table 3), there was no correlation either with the accumulation of this element in maize tissue or with maize dry matter (Table 2 ), this certainly due to the low levels of remaining K in soils in which maize is planted. Maize plants absorb and accumulate all the K added by mineral fertilization (Figure 1) .
The ECEC as calculated by the CEC S (compulsive exchange method) had lower CV as compared to the ECEC calculated by the RSM (Table 1 ) because the RSM combines three extraction procedures in which exchangeable Ca, Mg and K are extracted using ion-exchange resin while exchangeable Al is extracted with KCl and exchangeable Na with Mehlich-1 solution. This means that RSM is more subject to analytical errors than is the compulsive exchange method, because in the latter case exchangeable cations are extracted with BaCl 2 solution only. Amacher et al. (1990) having pointed out that it is desirable to use methods which permit the simultaneous extraction of all exchangeable cations.
Even though the ECEC calculated using the levels of exchangeable cations extracted using the RSM were numerically different to the CEC S values, the correlation (r = 0.71; P < 0.01) between these methods was positive and highly significant. There was also a correlation between the ECEC calculated using the RSM and the CEC A (Figure 2) .
The increase in the levels of exchangeable cations, especially exchangeable Na, would certainly result in an overestimate of the ECEC and it appears that for closed environments (i.e. experiments in pots) the compulsive exchange method is better than the regional standard method. The method proposed by Gillman (1979) , Method 3, seems to avoid overestimating the ECEC because this method permits the measurement of the cation exchange capacity at the actual pH of the soil.
CONCLUSIONS
The problem associated with overestimation of CEC can be solved by removing exchangeable cations with 0.002 mol L -1 aqueous BaCl 2 solution, and measuring CEC at soil pH, by the adsorption of Mg from a 0.005 mol L -1 solution of MgSO 4 with electrical conductivity adjusted to 0.300 dS m -1 , using method described by Gilman (1979) . It is possible to obtain satisfactory results of exchangeable cation concentrations through simultaneous extraction with 0.1 mol L -1 BaCl 2 solution by cen- 
